Direct neurite-osteoblastic cell communication, as demonstrated by use of an in vitro co-culture system  by Obata, Koji et al.
FEBS Letters 581 (2007) 5917–5922Direct neurite-osteoblastic cell communication, as demonstrated
by use of an in vitro co-culture system
Koji Obataa, Tadahide Furunob, Mamoru Nakanishib, Akifumi Togaria,*
a Department of Pharmacology, School of Dentistry, Aichi-Gakuin University, 1-100 Kusumoto-cho, Chikusa-ku, Nagoya 464-8650, Japan
b Laboratory of Analytical Chemistry and Biophysics, School of Pharmacy, Aichi-Gakuin University, Nagoya, Japan
Received 1 October 2007; revised 21 November 2007; accepted 21 November 2007
Available online 3 December 2007
Edited by Ned ManteiAbstract Using an in vitro co-culture approach comprising cul-
tured murine superior cervical ganglia and MC3T3-E1 osteo-
blast-like cells, we found that the addition of scorpion venom
(SV) elicited neurite activation via intracellular Ca2+ mobiliza-
tion and, after a lag period, osteoblastic Ca2+ mobilization. SV
did not have any direct eﬀect on the osteoblastic cells in the ab-
sence of neurites. The addition of an a1-adrenergic receptor (AR)
antagonist, prazosin, dose-dependently prevented the osteoblas-
tic activation that resulted as a consequence of neural activation
by SV. These results demonstrate that osteoblastic activation oc-
curred as a direct response to neuronal activation, which activa-
tion was mediated by a1-ARs in the osteoblastic cells.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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receptor; Ca2+1. Introduction
During the present decade several groups have reported
interesting eﬀects on bone-resorbing and bone-forming cells
by molecules known to be present primarily in the nervous sys-
tem. In fact, it has been demonstrated that bone cells are
equipped with functional receptors for several kinds of neuro-
transmitters and that they constitutively express diﬀusible axon
guidance molecules known to function as a chemoattractant
and/or chemorepellent for growing nerve ﬁbers [1–6]. There-
fore, it has been proposed that signaling molecules in the ner-
vous system may participate in the control of local bone
metabolism and that, consequently, a neuro-osteogenic net-
work may exist, one similar to the previously proposed neu-
ro-immune and neuro-immune-endocrine interacting systems
[7–9].
Immunohistochemical experiments have also revealed that
nerve ﬁbers containing diﬀerent neuropeptides and noradrena-
line (NA) were located in the vicinity of bone tissue [10–13].
One recent electron microscopic study demonstrated the pres-
ence of peripheral nerve axons adjacent to osteoblasts in bone
tissues, in which case actual membrane–membrane contacts
were formed between nerve and osteoblastic cells [13]. How-
ever, whether a direct neuro-osteogenic network for functional*Corresponding author. Fax: +81 52 752 5988.
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doi:10.1016/j.febslet.2007.11.065communication between nerve and osteoblastic cell exists or if
an intermediary cell is required is unclear.
In the neuro-immune system, the nerve-mast cell relationship
has served as a prototype of cell–cell association and has pro-
vided substantial evidence for bi-directional communication
between nerves and immune cells having actual membrane–
membrane contact [14–16]. Increasing our understanding of
these events, recent studies using an in vitro co-culture ap-
proach and calcium imaging by confocal laser scanning micros-
copy (CLSM) elegantly demonstrated the direct neurite-mast
cell communication. These results showed clearly that nerve-
mast cell communication can occur in the absence of an inter-
mediary transducing cell and that the neuropeptide substance
P, operating via NK-1 receptors, is an important mediator of
this communication [17,18].
In the present study, we established an in vitro co-culture
model comprising mouse osteoblast-like cells MC3T3-E1 and
neurite-sprouting murine superior cervical ganglia (SCG) and
used it to examine direct nerve-osteoblastic cell communica-
tion. Our ﬁndings demonstrate that osteoblastic activation,
as judged by intracellular Ca2+ mobilization, can be a direct
consequence of contact with a speciﬁc activated nerve ﬁber.
Moreover, we provide evidence that this osteoblastic activa-
tion was mediated, at least in part, by NA acting through
a1-adrenergic receptors (ARs) in the osteoblast-like cells.2. Materials and methods
2.1. Nerve and osteoblastic cell co-culture
Primary cultures of superior cervical ganglia (SCG) neurons were
established by following a published protocol [19–22]. Brieﬂy, SCG
were dissected from newborn (0–48 h old) BALB/c mice (Japan SLC,
Shizuoka, Japan) and rinsed in HBSS containing 10 mM HEPES
(pH 7.4). Each ganglion was divided into 2–4 pieces and incubated
for 60 min at 37 C in 2 ml of HEPES containing 0.125% trypsin
(grade II; Sigma, St. Louis, MO). The resultant cell suspension was
plated at a density of 0.5–1 · 104 nerve cells onto matrigel (Becton
Dickinson, Bedford, MA)-coated 35-mm diameter glass dishes. The
neurons were grown in F12 culture medium (Life Technologies, Rock-
ville, MD) supplemented with 0.2 mM L-glutamine, 0.3% glucose, 3%
antibiotic/antimycotic (A-7292, all from Sigma), 10% FBS (BioWhit-
taker, Walkersville, MD), and 50 ng/ml murine nerve growth factor
(NGF, 2.5 S; Upstate Biotechnology, Lake Placid, NY). Nonganglion-
ic cells were killed by 24-h exposure to cytosine-b-D-arabinofuranoside
(Ara-C, 1 lM; Sigma) started at the beginning of the culture period.
The murine calvaria-derived MC3T3-E1 osteoblast-like cells were
grown in a-minimal essential medium containing 10% FBS, 100 IU/
ml penicillin, and 100 lg/ml streptomycin. For co-culture experiments,
osteoblastic cells (104/dish) were added to 24-h-old cultures of SCG-
neurites: and the co-cultures were then incubated for 48 h. All cultures
were maintained at 37 C in a 5% CO2 humidiﬁed atmosphere.blished by Elsevier B.V. All rights reserved.
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Intracellular Ca2+ mobilization and activation of ﬂuorophores were
used as an index of cellular activation and were assessed by using con-
focal laser scanning microscopy (CLSM) [17,18,23,24]. After 48 h in
co-cultures, the cells were incubated for 30 min at 37 C in culture
medium containing Fluo-3-AM (2.5 lM; DOJINDO, Kumamoto, Ja-
pan) and then washed 3 times with HEPES buﬀer. The cells were ob-
served with a confocal laser scanning microscope (Zeiss, Oberkochen,
Germany; LSM-510; argon ion laser at 488 nm), and images were cap-
tured and analyzed by using IBM compatible computer software. Neu-
rite activation was evoked by the addition of scorpion venom (SV;
Leiurus quinquestriatus herbaeus, 5 ng/ml; Sigma) to the co-cultures.
2.3. Mechanism of neurite-to-osteoblastic cell communication
We examined whether Ca2+ mobilization in osteoblastic cells could
be evoked by adding SV (10 lg/ml), adrenaline (AD, 1 lM; Sigma),
NA (1 lM; Sigma), phenylephrine (PE, 1 lM; Sigma), isoprenaline
(ISO, 1 lM: Sigma), neuropeptide Y (NPY, 0.1 lM: Sigma), substance
P (SP, 1 lM; Sigma), vasoactive intestinal peptide (VIP, 1 lM; Sigma)
or calcitonin gene-related peptide (CGRP, 1 lM; Sigma) to the co-cul-
tures. Furthermore, stimulated ARs were examined as the possible
neurite-derived mediator responsible for the osteoblastic activation
in the co-culture system. In additional studies, following 48 h of co-cul-
ture, the non-selective a-AR antagonist phentolamine (10 lM; Sigma),
the selective a1-AR antagonist prazosin (0.01–10 lM; Sigma), or the
selective a2-AR antagonist yohimbine (10 lM; Sigma) was added to
neurite-osteoblastic cell co-cultures 30 min before SV stimulation,
and cellular responses were then measured microscopically.
2.4. Analysis of adrenergic and neuropeptide receptor mRNA expression
by RT-PCR
Total RNA was extracted from osteoblastic cells and treated with
DNase with the use of a spin-vacuum total RNA isolation kit (Prome-
ga, Madison, WI). RT-PCR was performed by standard methods.
Brieﬂy, cDNA was synthesized from 1 lg of total RNA with the use
of an oligo (dT)1218 primer (Gibco-BRL, Grand Island, NY) and
Moloney murine leukemia virus reverse transcriptase (Gibco BRL),
which procedure was followed by PCR ampliﬁcation using speciﬁc
primers. The oligonucleotides used as primers for PCR are shown in
Table 1 [25]. PCR ampliﬁcation was performed by using the GeneAmp
PCR System (Applied Biosystems, Foster City, CA) under the follow-
ing conditions: denaturation at 94 C for 15 s, annealing at 55 C for
30 s, and elongation at 72 C for 30 s for 25 or 32 cycles. PCR products
were electrophoresed on a 2% agarose gel, stained with ethidium bro-
mide, and detected with a ﬂuoroimage analyzer (Amersham-Pharma-
cia Biotech, Sunnyvale, CA).Table 1
Nucleotide sequences of PCR primers
Sense Antisense
a1a-AR TCCGTATCCACCGTAAAAATGTC TGGATTCGCAGC
a1b-AR CTGGTGATGTCTAGGTGTGTT GGAATGGCCTTG
a1d-AR GTATCCAGCCATTATGACAGA CTACTCTGTGTC
a2a-AR ATGGGTTACTGGTACTTTGGT CTGGTAAATACG
a2b-AR TCATCTACACCATCTTCAACC AGGTATTCTAAT
a2c-AR AACTCGGGTAGACAGAGAGAC GCAAACAATCTC
b1-AR CGGATCGCCTCTTCGTCTTCT GCCTGGCTCTCT
b2-AR CCTCATCCCTAAGGAAGTTTA TAGGCACAGTAC
b3-AR TGGTGGCGTGTAGGGGCAGAT TGAAGGCGGAGT
PAC1 GCAAGATGTCAGAACTATCCACCA AAGTAACGGTTC
VPAC1 TCTGCATCATCCGAATCCTG CTGCACCTCGCC
VPAC2 TCCCAGCAGGTGTTTCCTGGCCTAC CGAGCCTCTTGT
NPY-Y1R CTTCTTCTCTGCCCTTTGTGA ATGATGTTGATT
NPY-Y2R CTTTCTCCTACACCCGTATCT GACTTCCAGGTT
NPY-Y5R TATCAAAGCAGACTTGAGAGC ACACCGAAGACA
NPY-y6 GCCTTAGATAGTCACCAGGAT ATGTAGCCTTGG
NK1-R CCATCATCCACCCTCTTCAGC TGTATGCATAGC
CRLR GAAGGAAAGGTTGCAGAGGA TCCTGGATGCTT
RAMP1 ACTCTCATCCAGGAGCTGTG CTGGGATACCTA
GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTG
AR, adrenergic receptor; PAC1, pituitary adenylate cyclase activating pept
neurokinin 1 receptor; CRLR, calcitonin receptor-like receptor; RAMP, rece
dehydrogenase.2.5. Data presentation and statistical analysis
Data were presented as arbitrary ﬂuorescence units or as means ±
SEM of the percentage of osteoblastic cells responding to stimulation
(this is an all or nothing measure, based on Fluo-3 activity), where n
values represented the number of cells or the number of neurite-osteo-
blastic cell cultures examined. The data were compared among 3 or
more groups by one-way analysis of variance and Bonferronis post
hoc test. A P-value of <0.01 was considered statistically signiﬁcant.3. Results
3.1. Eﬀects of nerve stimulation on Ca2+ mobilization in
osteoblastic cells
The photomicrographs in Fig. 1A were obtained by CLSM.
Fig. 1Aa is a representative diﬀerential interference contrast
(DIC) image of a typical neurite-osteoblastic cell co-culture.
We added the calcium ﬂuorophore Fluo-3 to this co-culture
and then observed the cells for ﬂuorescence (Fig. 1A, b–d).
When SV was added to the neurite-osteoblastic cell co-cul-
tures, the expected increase in neurite activation (i.e., ﬂuores-
cence, Fig. 1A, c) was followed by an increase in osteoblastic
ﬂuorescence (Fig. 1A, d). This transient increase in intracellu-
lar Ca2+ in osteoblastic cells was observed in 71 ± 7.5% of the
examined cells (n = 13). The lag-time from neurite to osteo-
blastic activation varied from 2 to 60 s (Fig. 1B shows a lag
time of 4 s). The increase in osteoblastic ﬂuorescence remained
elevated for at least 20 s after the addition of SV to the co-cul-
ture (Fig. 1B). SV (5 ng/ml) added directly to Fluo-3-loaded
osteoblastic cells alone did not evoke any Ca2+ response
(n > 10 osteoblastic cells examined).
3.2. Expression of adrenergic and neuropeptide receptor mRNAs
and eﬀects of their agonists on Ca2+ mobilization in
MC3T3-E1 cells
In order to identify the neurite-derived mediators involved in
this functional communication between the neurite and osteo-
blastic cells, we used RT-PCR to examine the expression of
genes encoding adrenergic and neuropeptide receptors in
MC3T3-E1 cells. MC3T3-E1 cells exhibited mRNA expressionSize (bp) Reference or accession no.
ACATTCTG 331 NM_013461
TCTATAGTT 396 NM_007416
CCTGGATTT 363 NM_013460
CACGTAGAC 378 NM_007417
CAGCCTTGG 360 BC066862
AGTAACCAG 390 NM_007418
ACACCTTGG 381 [25]
CTTGACAGT 299 [25]
TGGCATAGC 496 [25]
ACCTTCCAGC 256 NM_007407
ATTGAG 251 NM_011703
ACTGTGACTGGTC 273 NM_009511
CGCTTGGTC 289 [25]
CTTTTTAGC 389 [25]
CTCAACTTA 304 [25]
GAATAGAAC 362 [25]
CAATCACCA 252 NM_009313
TTTCCATT 275 NM_018782
CACGATGC 357 NM_016894
TTGCTGTA 452 [25]
ide (PACAP) receptor type 1; VPAC, VIP/PACAP receptor; NK1-R,
ptor activity-modifying protein; GAPDH, glyceraldehyde 3-phosphate
Fig. 1. Ca2+ mobilization in SCG neurons and osteoblastic cells after SV addition to a co-culture system, as chased with ﬂuo-3 ﬂuorescence: a
representative result. (A) After the co-cultured cells had been loaded with ﬂuo-3, they were stimulated with SV and observed by CLSM.
Subsequently, ﬂuo-3 ﬂuorescence was detected every 2 s. Images at the indicated time points are shown. As shown in the leftmost panel (a DIC
image), responding osteoblastic cells are indicated by the arrowheads. The asterisk denotes a neuron cell body. The ﬂuorescence intensity is displayed
by a 256-color spectrum, with red indicating a greater intensity than blue. (B) Fluo-3 ﬂuorescence traces in neurites (closed circles) and osteoblastic
cells (open circles) deﬁned in ‘‘(A).’’ The arrow indicates the time point of SV addition.
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RAMP1 as a CGRP receptor component (Fig. 2). Next, we
examined MC3T3-E1 cells for alteration of their intracellular
Ca2+ level induced by adrenergic agonists or neuropeptides.
As shown in Fig. 3A, treatment with an a1-AR agonist, PEFig. 2. Expression of adrenergic and neuropeptide receptor mRNAs in MC3
was then extracted and subjected to RT-PCR analysis. (A) a1-ARs; (B) a2-A
SP-R (NK1); (H) GAPDH. Templates without reverse transcriptase (RT) wer
shown in the left lane (S). The housekeeping gene GAPDH (25 cycles of PCR
were done for all receptors.(1 lM), evoked a transient Ca2+ mobilization in Fluo-3-loaded
osteoblastic cells. We also observed the same response by add-
ing AD (1 lM) or NA (1 lM), both with the capacity to stim-
ulate a1-ARs, to MC3T3-E1 cell cultures (Fig. 3B).T3-E1 cells. Cells were cultured until almost conﬂuent, and total RNA
Rs; (C) b-ARs; (D) VIP/PACAP-Rs; (E) NPY-Rs; (F) CGRP-Rs; (G)
e used as negative controls. DNA size markers (X174/haeIII digest) are
ampliﬁcation) was used as an internal standard. Thirty-two PCR cycles
Fig. 3. Eﬀect of adrenergic agonists and neuropeptides on Ca2+ mobilization in osteoblastic cells as chased with ﬂuo-3 ﬂuorescence: a representative
result. (A) Osteoblastic cells loaded with ﬂuo-3 were observed by CLSM. Two ﬂuorescence images are shown one before (a) and the other after (b)
stimulation with PE (1 lM). (B) Fluo-3 ﬂuorescence traces for the osteoblastic cells stimulated by adrenergic agonists and neuropeptides (as shown in
upper right box). The arrow indicates the time point of agonist addition.
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cell communication in the co-culture system
Next, we examined the ability of a-AR antagonists to abro-
gate the neurite-osteoblastic cell communication. Pretreatment
of co-cultures with a selective a1-AR antagonist, prazosin, did
not aﬀect the neurite activation evoked by SV, but did signif-
icantly and dose-dependently inhibit the subsequent increase
in osteoblastic activation (Fig. 4, A–C). The non-selective a-
AR antagonist phentolamine (10 lM), also signiﬁcantly inhib-
ited osteoblastic activation. In contrast, yohimbine (10 lM), a
selective a2-AR antagonist, aﬀected neither SV-stimulated neu-
rite activity nor the subsequent Ca2+ mobilization in osteoblas-
tic cells in the co-cultures (Fig. 4B).4. Discussion
In the present study, we obtained evidence for a direct nerve-
osteoblastic cell communication by using an in vitro co-culture
model comprising mouse osteoblast-like cells MC3T3-E1 and
neurite-sprouting murine SCG. Our ﬁndings demonstrate that
osteoblastic activation, as judged by Ca2+ mobilization, could
be a direct consequence of contact with a speciﬁc activated
nerve ﬁber and that this communication was mediated, at least
in part, by NA acting through a1-ARs.Histochemical approaches have revealed the presence of sev-
eral peptidergic and catecholaminergic neurotransmitters in
osseal nerve ﬁbers [10–13]. Takeda et al. [13] also demon-
strated electron microscopically the presence of peripheral
nerve axons coursing through the marrow adjacent to bone
trabeculae and osteoblastic cells. These results strongly suggest
that the nervous system participates in the control of bone
metabolism in bone tissues, in which actual membrane–mem-
brane contacts might be formed between nerve and osteoblas-
tic cells. However, whether a direct and functional
communication between nerve-bone cells occurs is unclear.
In the neuro-immune system, recent studies using an in vitro
co-culture approach and calcium imaging by CLSM
[17,18,23,24] elegantly demonstrated direct and functional neu-
rite-mast cell communication. In the present study, we per-
formed similar experiments but used mouse osteoblast-like
MC3T3-E1 cells instead of mast cells (Fig. 1). We found that
when SV, which is a mixture of various active substances con-
taining a neurotoxin that opens Na+ channels, was added to
neurite-osteoblastic cell co-cultures, the expected increase in
neurite activation (as indicated by Ca2+ mobilization) was
evoked, and after a lag time, an increase in the intracellular
Ca2+ level in osteoblastic cells (Fig. 1A and B). These re-
sponses might be explained by the following series of events:
Na+ channels in nerve cells open in response to SV, leading
Fig. 4. Inhibitory eﬀects of a-AR antagonists on Ca2+ mobilization in osteoblastic cells after SV addition to the co-culture system as chased with
ﬂuo-3 ﬂuorescence. (A) A representative result for 30-min pretreatment with a selective a1-AR antagonist, prazosin (1 lM), which inhibited the
osteoblastic activation (open circles) in response to SV activation of the neurites (closed circles). The arrow indicates the time point of SV addition.
(B) A non-selective a-AR antagonist, phentolamine (10 lM), and prazosin (1 lM), but not a selective a2-AR antagonist, yohimbine (10 lM),
signiﬁcantly inhibited the activation of osteoblastic cells in response to activation of the neurites. (C) The pretreatment with prazosin dose-
dependently reduced the osteoblastic activation. All quantitative data are means ± S.E. of values from at least 4 independent experiments. *P < 0.01,
**P < 0.05 vs. SV alone.
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induces the massive release of one or more neurotransmitters
from nerve endings, which neurotransmitters then bind to their
receptors on osteoblastic cells, resulting in Ca2+ mobilization
in these cells. Our results demonstrate that a direct nerve-
osteoblastic cell communication can occur without intervening
cells. Furthermore, they suggest that our in vitro co-culture
model comprising mouse osteoblast-like cells MC3T3-E1 cells
and neurite-sprouting murine SCG can be a very useful tool
for further detailed studies on nerve-osteoblastic cell commu-
nication. We conﬁrmed with similar experiments that mouse
primary osteoblastic cells also showed the osteoblastic Ca2+
mobilization in our co-culture model (Obata, K., and Togari,
A., unpublished data). Thus the neurite-osteoblastic cell com-
munication demonstrated in this study may be a common bio-
logical phenomenon occurring in vivo.
Several studies also demonstrated the sympathomimetic ac-
tion on osteoblastic and osteoclastic cells equipped with a- and
b-ARs [1,13,26]. In addition, previous studies demonstrated
that VIP (0.001–1 lM), CGRP (0.3–30 nM), and NA (norepi-
nephrine, 0.1–300 lM) caused a dose-dependent stimulation of
cyclic AMP production in osteoblastic cell lines and primary
bone cells [27] and that NA, VIP, and ATP transiently in-
creased the intracellular Ca2+ level in a rat osteoblast-like oste-
osarcoma cell line, UMR-106 [28]. In the present study, we
demonstrated that murine osteoblast-like cells, MC3T3-E1
exhibited mRNA expression of a1b-, a1d-, a2a-, and b2-ARs,
VPAC2, and RAMP1 (Fig. 2). Furthermore, we veriﬁed that
a1-AR agonists evoked a transient Ca
2+ mobilization inFluo-3-loaded osteoblastic cells (Fig. 3). These results suggest
that, in this co-culture system, Ca2+ mobilization in the osteo-
blastic cells, which resulted as a consequence of neural activa-
tion by SV, might have been mediated by NA, which would
apparently have been released from SCG neurons in the co-
cultures. In fact, we conﬁrmed that sympathetic neurons pre-
pared from the SCG of newborn mice expressed mRNAs of
catecholamine-synthesizing enzymes, tyrosine hydroxylase
and dopamine b hydroxylase, by RT-PCR (data not shown).
To identify the neurite-derived mediators related to osteoblas-
tic activation in the co-cultures, we examined the ability of a-
AR antagonists to abrogate the neurite-osteoblastic cell com-
munication. Pretreatment of co-cultures with the a1-AR antag-
onist prazosin did not aﬀect the neurite activation evoked by
SV, but signiﬁcantly and dose-dependently inhibited the subse-
quent increase in osteoblastic activation (Fig. 4A–C). Because
this inhibition was not total, other neurotransmitters might be
related to the osteoblastic activation in nerve-osteoblastic cell
co-cultures. A limitation of this study is that we observed the
cellular responses only as a change in the intracellular Ca2+ le-
vel.
In conclusion, we clearly demonstrated that nerve-osteoblas-
tic cell communication can occur without intervening cells and
that this osteoblastic activation is mediated, at least in part, by
a1-ARs. These results strongly implicate the direct action of
the peripheral sympathetic nerve system in bone metabolism.Acknowledgements: This work was partly supported by a Grant-in-Aid
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